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FUNDAMENTALS AND APPLICATIONS OF THE
ROTATING RING-DISK ELECTRODE

A. Fujishima and K. Honda,

Department of Engineering, Kanagawa University (AF) and
Research Institute for Industrial Technology, Tokyo (KH)

l. Introduction

In order to study electrochemical reactions on solid elec~
trodes theoretically, it is necessary to accurately determine the
transport phenomena of electrolyticalilylactiversubstances onto
electrodes. The phenomena are discussed in detail in the general
theory of Yoshizawa et al. [1], but, at any rate, the rotating
disk electrode (RDE) 1s one of the schemes which satisfy the
necessary conditions. Its theoretical formula was presented by
Levich [2], and this was also confirmed4experimentally. At pre-
sent, the scheme 1s wlidely used 1n research on electrochemical

reactions taking place on solid electrodes.

The rotating ring-disk electrode (RRDE) is a more advanced
version of the RDE. Since the RRDE is also mentioned in the
general theory of Yoshizawa et al., there might be some redundan-
cles, but the writers would nevertheless like to discuss, to
the extent of thelr knowledge, the fundamentals of the RRDE.

The orlgin of the rotating ring-dilsk electrode method goes
back to 1959, when Frumkin, Levich et al. [3, 4] attempted to
detect the unstable intermedlate products 1n electrode reactions
by constructing an electrode which combined a disk electrode with
a ring electrode, that 1s, a disk electrode surrounded by a con-
centric ring electrode with insulating material between them. The

¥ Numbers in the margin indicate pagination in the foreign text.




products formed in electrochemical reactions on the disk elec-
trode are transportéd to the ring electrode by convection-
diffusion. The method involves the determlinaticn of the products
on the disk electrode from the electrochemical reactants on the
ring electrode, which aré méasured by the current/voltage rela-
tionship on the ring electrode.

The main items among the findings from the application of
the RRDE to the study of the electrode reactlon mechanlsmsuare
as follows [5, 6]:

1) rapid detection of electrolytic products

2) detection of the intermediate products

3) characterization of the final products and the inter-
mediate preducts by such means as half-wave potential

'y measurement of the subsequent chemical reaction rates of
the intermedisdte products

5) characterization of the ph dependency of this rate

6) measurement of the ratio between the various products
formed at the electrode.

There are various RRDE-related books [2, 5, 6] and general
theorlesc[7, 8], but, as far as theoretical content is concerned,
the book by Albery et al. [5] is probably most sultable for

reference.

2. Theory

Fig. 1 shows the flux on the surface of a rotating electrode
in fluid-dynamlecs terms. Due to the rotatlon of the electrode,



the products on the disk electrode reach
the ring electrode lmmedlately. Need-
less to say, an incerease in the

N
W

Fig. 1. Lines of =
solution flow near
rotating electrode

number of rotations is accompanied by
an increase in the transport velocity.

Let us present the main theories

surface.
which can be applied to the study of
the electrode reaction mechanikémi'in the
subsequent sections.

2.1. Rate of Capture /214

In order teo utilize an RRDE as a means of quantitative deter-
mination, one must be able to express the transport of a chemical
specles from the disk electrode to the ring electrode theoretically.
When

A -»>ne B
occurs on the disk electrede and ifs reverse réaction voe
B+ A * ne

occurs on the ring electrode, the ratio between the electric cur-
rent at the disk electrode ip and the current at the ring
electrode ir 1s the rate of capture N. That is,

N=—iglip | (1)

Ivanov and Levich [9] demonstrated that the rate of flux of
an electrochemically active specles from the disk electrode to
the ring electrode was independent of the angular velocity of
rotation and the kinetic viscosity, and the diffusion coefficient



and the concentration of the solution, and presented the following

equation

(2)

where ris o and rs represent the disk dlameter, inner ring diam-

eter and outer ring dlameter, respectively.

Albery and Bruckensteiln [5, 10, 11] conducted a theoretical

study of the rate of

capture by solving the differential equation

of transport very precisely.

The equatlon relating to the transport of chemical species B
forming on the disk electrode surface 1s given by the following

formula.

At distances of more
for diffusion in the

b A —

5

Ll EM; ﬁaz} ;
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ar *3r D(5$‘+6F +— —d:)

(3)

Q
than 10 A from the electrode surface, the term

radlial direection can be ignored, since

diffusion in the radial direction 1s considerably smaller than

convective flow in the same direction.

On the basis of fluld

dynamics, the following relational equations are also used.

where the convection constant C =

t:,:C_rx. vx=—-Cx? ]

3/2 ,-1/2,

0.510w

On the basis of these relationships, equation (3) becomes:

Ak Dt
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The boundary conditions for this dlfferential equation are given
as follows:

1) all domains: x - », b+ 0

2) disk (r < r1): x = 0, 3b/3x = ip/mr;°nFD
3) gap (r{ < r <rs): x =20, 9b/3x = O

4) ring (rp < r < r3): x =20, b = 0.

The ring electric current may be expressed as follows,
iR Frf .'_—‘,-.— ra it f
R—-” [ fr’ (T I.L)_'_._' redr- i ( 5)

The fellowing dlimensionless varlables are used to solve equation

(4):

wa (GO x ‘ ‘. (6)
CoemrdnEDUIC L,
I ' (7)

Using w and u, equation (4) becomes:

f'iu _ ,‘r'iu_ ~Fu
or T 0w "t | (8)

At this point, the rate of capture N can be expressed as:ioiiuw

————

[ 2 i M '
N:: —‘T& = —‘I‘J ' (-L‘_) redr
ip Fiolry dw w=0

(9)

Equation (8) has been solved by a new method using the Laplace
transform and the Alry function, so that the following eguation
has been presented for the rate of capture in equation (8):



N=I—F(€})+ﬂ”(1—ﬁran~(1+ayﬁytj

(e}

where o = (rg/r1)3 - l; B = (r3/rl)3 - (rg/rl)3 and F(9) =

(10)

'.7‘ .M.— ] i }
,%;J;Fﬁi+ﬁ{ . In addition, this F(6) may be integhatedntoigive:

Fey= YT 8

2&1.’] — 1 1

(Z5)+
From these theoretical calculatlons, Albery et al. express

N as a funetlon of ry/ry and r3/r2. In addition, they used

electrodes of various sizes to obtain the rates of capture for

the Cu2+/Cu+ system, the Bre/Br_ system, and the Ag/Ag+ system

and others, thereby establishing the validity of their theoretical

equations.

2.2. Explanation of Complex Electrode Reaction Mechanism

The electrochemically active specles A undergoes an electro-
chemical reaction at the disk electrode to form substance B which,
in turn, reacts electrochemically with C at a certain rate.
Meanwhile, the portion of B which did not react electrochemically
at the disk electrode is transported to the ring electrode, where
it is detected. A thecoretical equation for obtfaining the con-
stant k for this reaction rate was presented by Ivanov and Levich
[2, 12]. This was followed by another theoretical equation for
the same system, which was established by Albery et al. [11].

Disk electrode: A * n3 + B (fast
B
Ring electrode: B ¥ ne :

I+

me ¥ ¢ (rate-determining stage)
> A (fast )



e ! -~ (11)
tgfip= 1_5.3111 T FDTT U 810V @V? .

Constant k may becobtained by measuring the rates of capture
while varying the number of rotations.

Filinovaskll [13] has submitted theoretical eguatlions for
determining the reaction rate constant and the degree of reaction
in the following two-stage electrochemical reaction.

&
#A sne '+ B

vB +me LR C \

Bockris et al. [14] considered the following reaction system,
which 1s a slightly more complex version of the above system,
and presented a theoretical equation which makes 1t possible to

determine which reaction proceeded at what rate.

i F—

Disk electrode: cA B = O ' (A)
J’A”‘(HI—-H)E SN ) (B)
lB-rne LN C l (C)

Ring electrode: B —(m-le —> A \ (fast)

Assuming that the electric current from reactlon (A) is x times
as much as the electric current from reaction (B), the relational
equation expressed by the following formula would become valid.

oL Ceampe | (12)

where k" = 1.6372/3v1/6 k3. D 1s the dlffusion coefficient of B.

It is posslible to obtain x and k3 by plotting the relationship of

-1/2

iD/iR to w s While varying the number of rotations of the

electrode. Representative relatlonal graphs are shown in Fig. 2.

.
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The electric current »
X voltage curve on the ring

>
5#{1':

electrode, while a reversible

- 4 B
Z|=-

electrochemical reaction is

whe . w-v ..

in preogress at the disk elec-
trode, was studied theoretically
and thenvalidated for the

Ag/Ag+ system [15].

2.3. Subsequent Chemlcal Reac-
"~ tion Rate of Flectrode

Fig. 2. Relational graphs of
ip/ig to w172, The reaction Pheoretical equations have
mechanism is explained by

plotting the relationship been submitted for the deter-
with set potential as mination of reaction rate con-
parameter, and then deter-
mining which one of rela-
tions a to d above is of the intermediate products,
applicable.

stants during the transformation

which were formed electrochemi-
cally, into other compounds
through either primary or secondary chemical reactions.

The theoretical equation for the case in which the electro-
lytic products at the disk electrode undergo a primary reaction
was presented by Albery and Bruckenstein [16].

%—gﬂ.zﬂ(ﬁ-)'"-& ; (13)

where N is the rate of capture characteristic of geometric elec-
trodes and N; 1s the rate of capture produced when a primary

reaction is taking place in the solution. By using an electrode
with a thin gap and a thin ring, it 1s possible to determine the

2 -1

primary reaction ratecconstant from about 3 x 107° to 103 sec .



Furthermore, Albery [17, 18] submitted a theoretical equatlon
which seeks the primary reaction rate from the translent behavior
of the ring current, when the disk electric current is varied from
zero to the statlonary value, and demonstrated that it could be
determined up to 10” sec™, 1In practice, the validity of this
theoretical equation has been conflirmed by means of reactlon
systems wlth known rate constants, such as the bromination reac-

tion of anisole [19].

Theoretical equations have also been submitted for the case
in which the electrochemical reaction products at the disk elec-
trode undergo a secondary reaction with chemical species in the
solution [20, 21]. A fairly complex procedure 1s required in
order to obtain the rate constant ks, for such a case, but 1its
general outline would be as follows:

Disk electrode: A+ ne + B

R ik
In solution: B + ¢ °° product

Ring electrode: B ¥ ne > A

The following formulas are given as the dlfferential equations of
this case.

3k 8k _ 2%

t'ra—’_~+vl"-3;= DE.C_"-'{:J)C | (14)
de ac e T
NI Pt P (15)

These equatlons are solved using the same procedure as the one
used to obtain the rate of capture. Employing the ring. electric
current iR,k,produced when the concentrations of B ane C on the
electrode surface become equal at the inner perimeter of the ring,
and the rate of capture Ny for that case, the followlng relational
equations are'givén:



Ipe=02lar aFDw V1 kY
G.339 r,t DL - F(a)} [
——

rl et k: L

Here, F(a) 1s the value fixed by the form of the electrode at
the place where the rate of capture is sought, and ¢, is the con-
centration of the chemical species

Ne=

=

.

part in the secondary reaction.

the rate constant of up to ks

In addltion, theoretical
for the reaction mechanisms of the case in which intermediate
products formed at the disk electrode are converted rapidly, as
well as reversibly, 1nto electrochemically inactive species [24].
These reaction systems, studied by Albery et al., can be or-~

ganlized as in Table 1 [24].

TABLE 1. THEORETICAL EQUATIONS SUBMITTED FOR VARIOUS

in the solution which takes
The validity of these theoretical
equations has been confirmed in the reactlion between allyl alcohol
and bromine [22] and in thecreaction between As (III) and iodine
[23]. The analysis of faster reactions is possible by increasing
the number of rotations. For instance, it is possible to seek

= 109 M-1s71 at 3000 rpm.

REACTION SYSTEMS

equationsithave also been concelved

Com,
{

Disc electrode

Salution L Ring elm:tmdei Ref. -

A—B
rev. AZB

o
A—-B-F
0-8
O-B
0-B

rev. GZ'B

e
AZZB

<

nothing
nothing

nothing
A+A-T

4
B+A-P
L3
B—~P
1]
BA
f §

nothing

B-A Lo
BZA rev.

R~ le
B—-(Q le.

B-(} lc.
B—Q Le.
BG rev.

o
BZA
v

1

1
20

21
18

24

15.

n

l.c.
Srev.

10

limited current
reversible system

/216



2.4, Digital Simulation Method of Bard et al.

Prater and Bard [25] devised a digital simulatlion model of

the rotating ring-disk electrode, which is shown in Filg. 3. By
studylng the varlous theo-
retlical equations solved by

Albery, Bruckensteln and

]
%—

J
1
g others, using numerical value
4

calculaticons conducted by means

of an electronic computer

they confirmed thatsthelresults
obtalned by Albery and others
were In good agreement wlth

the results from the simula-
tlon method. They flrst

sought the rates of capture in

pr—

Flg. 3. Digital simuilation
model.

gimple systems, whieh 414 not
include chemical reactlons,
and then studled the transi-
ent behavior of the disk and ring electrodes [25]. They then
submltted the methed for obtaining the chemical reaction rate
constant for the case in which the eleetrolytic products of the
disk electrode are converted into electrolytically ilnactive
species through primary or secondary chemical reactions [26].
They also demonstrated that the ECE mechanism or the catalytic
mechanism could be studied fairly easily by means of this
method [27].

Recently, Puglisi and Bard submitted a simulation method for
examining the reactlion mechanism of the dimerization of disk
electrode products [28]1. Thils method 1s used for explaining
complex organic electrode reactions. In addition, Bard et al.
apply this method to the explanation of the mechanism of electro-
chemlcal luminescence, as well as to the research on the

11



electric current distribution of the ring-disk electrode (see
Sections 3.4 and 3.5).

A general theory of the digital simulation method was also
published by Prater [29]. For example, it gives the computer pro-
gram used for obtaining the primary reaction rate.

Albery et al. [30] have also recently conducted a comparison
between the simul&ation method, which uses a computer, and the
analysis method, based on the resolution of differential equations
for the rate of capture, primary and secondary chemlcal reactions

and the transient current behavior.

2.5. 0Qther Theories

The time required for the transport of the disk electrode
products to the ring electrode, that 1is, the transition time,
has been calculated theoretically by Bruckenstein and Feldman
[31]. The transition time is expressed by the following formula
relating to the physical size of the electrodes, the diffusidon
coefficient of the chemical species formed at the disk electrode
and the viscosity of the solution.

T 431( [k@ ] } (18)

In addition, the theory of the translent method [32] and an RRDE
theory using the alternating current method [33] have been sub-
mitted by Albery et al.

3. Applications of Rotating Ring-Disk Electrodes

The rotating ring-disk electrode is not easy to construct
because of the complexlty of the electrode components. Further-
more, 1t is necessary that there should be no eccentricity when

12



it i1s rotated and that the number of rotations can be varied.
For these reasons, it has not been an easily operable method for
researchers in electrochemlstry, among others. But, since the
device also precently became available or the market in our
country, it ds expected to be wilidely appllied to the explanation

of electrode reaction mechanisms in the futur.

Below, we list some of the items which have been studied
thus far using the method in guestion.

3.1. Reaction Mechanism of Reduction of Dlssolved Oxygen

The reduction of dissolved oxygen manifests a complex reac-
tion behavior, which is affected, among other things, by the
electrode material or the pH of the solution. The reaction
mechanism has been discussed in the past on the basls of the
detection of hydrogen peroxide, an electrochemically active com-
pound, which is sometlmes present as an Intermedlate..product.

The reductlon reaction at a gold amalgam electrode was
studied in alkall solution by Frumkin et al. [3, 4]. Also,
Nekrasov et al. [34] recently studied the reactlon in the presence
of a boundary activator. The reactlon mechanism on a gold elec-
trode has hbeen studled by Yeager et al. [35].

With a platinum electrode, the reduction reactlion mechanism
is quite complex, due to the formatlion of an oxldation film on
the electrode surface. Its behavior in alkali solution was first
studied by Miller et al. [36, 37] (Fig. 4). Bockris et al. [38]
then used the diagnostilc equations of the electrode reaction
mechanism submitted by Miller et al. [14] to explain the behavior.
Bockris et al. [39] also demonstrated that the reduction reaction
taking place on a platinum electrode, which has been subjected to

oxidation treatment in an acidic aqueous sclution of“sulfurle

13
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acid, was considerably affected
by minute quantities of im-
purities in the solution.

X7 inlad) -

A study of the case of a

T

silver electrode in an alkali

solution [40] was conducted using

i, ’ .
08 -h 0 NIEVINHE)

a three-sectlon rotating elec-
. trode (Ag disk, Ag small disk,
1ot ' Pt large disk).

Fig._ﬁ.nhﬁehugﬁién of oxygen
on ring-disk electrode:

. 3.2. Reactions Involving
A. reduction of oxygen on e
flat Pt disk electrode; B. Inorganic Compounds
1limit oxidation current

for HpOp on ringuelectrode. i
(KOH: ™ 0.125 M, w = 5 Hz). The electrode reaction

Y 7 in(uA)
o

mechanisms of halogens have been
Key: a. Disk; b. Ring studied frequently by Brucken-
steln, Johnson and others. The
subjects covered include a study
of the adsorption and oxidatlon of Br~ ions on a Pt electrode [14],
and a detalled discussion concerning iodine, namely, the electrode
reaction mechanisms of I+, I5, I and 103" in salt solutions of
hydrochloric acid or perchloric acid [42]. The adsorption and
desorption behaviors between I  and I, at a Pt electrode in 1 M
sulfuric acid have also come under study recently [43], resulting
in, amcong other things, the presentation of the relational diagram
shown 1n Fig. 5, which indicates the variation in I, adsorption

from the reversible state to the irreversible state.

As alreddy stated in Sectlon 2.3, studies have also been con-
ducted on the reaction rates &f electrolytlcally formed I, [23]
or Br, [20] with As (III), which is present in the solution.

The reduction reaction mechanisms of permanganates in alkalil
solutions have been studied by Heusler et al. [44].

14



It has also been explained
that the reduction reaction of

cgzone 1ln an acidic solution
[45] is

In (aA)

- [ENENEE ]

]
- \ O, + 217 +2¢= —=> O, +H,0

£p (Vva. 8CE) ' \ and that the initial stage

Fig. 5. Ig - Ep curve showing

the change in In ﬁdsorption of the oxidation reaction of

state. 2.0 x 10 M NaIl, carbon monoxide 1In an alkali
1.0 M HESOM, 2500 rpm. solution [46] is

CO+20H- ~—» CO*-+IHaa

Another recent study concerns the reactions of hydrogen
peroxide at an Ag electrode in alkali solutions, partilcularly its
electrolytlic reduction and oxidation, as well as i1ts catalytlc
decomposition rates [47]. The question of to what extent the
oxygen produced by the electrolysis of water can become super-
saturated on the anode surface in a strong KOH solution has also
been studied using an Ni dilsk electrode and a Cd ring electrode
[48]. Other studies 1lnclude a study of gas-producing reactions
using two-ring electrodes [49, 501, and a study of the dissolution
reaction mechanism of TiC electrodes [51].

3.3. Dissclution and Electrodeposition Reactionsoof Metals and
Alloys

There has been an energetic study of the subjJect by a group
including Bruckensteln, Miller and Johnson. Let us first
summarize their findings.

They conducted various experiments using the Cu-Cut-cul+
gsystem. In an aqueous solutlon of potassium chloride, for in-
stance, Cu2+ demonstrates a two-stage reduction wave, with Cu+
being formed In the first wave. By means of the measurement: of
the rate of capture after setting a ring electrode to the electric

15



potential level for the oxidation of this cut (Fig. 6), they
investigated the design, the shielding effect and other aspects

of a potentiostat, which enables independent fixed potential
settings for the two electrochemical systems of the disk electrode

and the ring electrode in the same solution [52].

_____

b £0uA R

in

' A L ] 1 A
, +0.4 +0.2 - —-0.2 —-0.4 -—0.8
" Ep (Vv SCE)

Fig. 6. Current-vol-
tage curves 1In
solution of 10=3 M
CuCl, - 0.5 M KCI1.
—: disk electrode;
-——: ring current

0.5 M hydrochloric acid

solution [55].

The electro-

2+ onto a

deposlition of Cu frem Cu
platinum electrode in 0.2 M sulfuric
acld, and the dissclution reaction of
the electrodeposlited Cu were also
studied [53].
substances, which possess electro-
chemical properties of a Cu2*t/cu’ couple,
was confirmed when the behaviors of

a Pt electrode in a 0.5 M hydrochlorie

acid solutlon were examined for an

The presence of passive

electrie potential range of 0.0-1.0 V
(S.C.E.) [54].  Varlous methods are

used to study the adsorption behaviors
of various chemical species onto solld
electrodes. In terms of application
methods for the rotating ring-disk

system in research of the adsorption
process, a study was conducted using
the cut/cu??t system 1n a solution of

2+

Cu and Cu undergo a

homogenization reaction to form Cu+, that is,

Cu + Cu

o -> 2Cu+.

The rotatlng ring-disk electrode was used to determine the equis .

librium constant in this system, and it was found to be 5.6 x
b's 10-7 for the case of a 0.2 M sulfurlec acid solution [56]. The
electrodeposition and stripping of copper on platinum surfaces

were also studied [57].

The analysis of the simultaneous stripping

of Cu?t and Ag’ was also studied, and it was discovered that

16



with mixed Cu-Ag electrodeposition, 1t was possible to determline
the two elements simultanecusly, regardless of whether the deposit
was greater or less than a monoatomic layer [58]. Regarding the
anode behavior of Cu in alkali solution, a study was conducted /218
~using an RRDE and a split ring-disk electrode in which the ring
electrode 1s in two separate horseshow-shaped parts (see Fig. T),
and Cu (III), which is soluble for the anode domain of the

oxygen generatlon, was detected and identified [59]. 1In addition,
this electrode system was used to elaborate on a research method
for the corrosion of alloys and 1ts appli-
cation to the anode behavior of Cu-Zn

alloy in aqueous solutions of ammonia [60].
More recently, Miller et al. studied the

" corrosion of copper and the Cu 30 Zn alloy
in a 0.1 M HC1 - 1 M NaCl solution con-
talning oxygen, and obtained the open

Hlf i 7 circuit corrosion rate as a function of the

number of rotations and temperature from
+
Fig. 7. Split = the amount of Cu™ detected from the ring

ring-disk elec— electrode [61].
trode.

Key: a. Insula-

tor In connection with the stripping ana-

lysis method, Johnson et al. improved on

the conventional single electrode by adopting
the RRDE, and succeeded in reduelng the duration of electrodeposi-
tion prior to the stripping, as well as 1in lowering the minimum
detection level (see Fig. 8). For instance, they succeeded in
detecting 10-10 M of Ag® 1n a solution of 0.1 M HpSO, by using
glassy carbon for the disk and platinum for thevting [62]. The
detection of Eg (II) was also conducted using the same method
[63]. Satisfactory results were obtained in a state in which a
thin gold film was electrodeposited on the glassy carbon disk
electrode, so that they could measure 0.1-0.4% ppm of Hg (II).
The mean relative deviation init'the measurement of the 0.1 ppm

17



B RNl SRS B level was 7.5%, thus indicatlng
that the limit of detection with
this method was approximately

40
' 0.01 ppm.

-Ighfﬁl

80 The oxidation-reduction

; reactlon of a platinum electrode
5 . 420 itself in a 1 M HpSOj solution
! .+ 20 and a 0.1 M HC1lOy4 sclution was
[ g }\\ otm studied [64]. It was determined
‘ ) that Pt (II) was formed when the
T oxidized platinum electrode was

'2 o8 Q.4 0.0 o4 reduced, and that unidentified
) Ep (V vy 3.CE) ’
Fig. 8. Ip-Ep and IR-Ep
curves in voltametry ac- during the oxidation reaction.

]

|
!
1
|
F
!

chemlcal species were formed

companied, by collection. P ,

1.00 x 104 M agt, tgep = The behavior of a silwer electrode
5 min in alkali sclutlon has also been

Ep::-0.40 V, ER: 0.00 YV, studied [65]. Soluble products

m1/2 = 6.47 (rad sec)ﬂi/2
Induced voltage: Ep =
= 5.0 V/min reactions of the silver disk

from the oxidation and reduction

electrode were measured with the

ring electrode, and, in addition,
the formation of surface oxide was examined. Also, the electro-
deposition of Ag under potential has been studled [66].

Another finding from research was that when an anodic dis-
solution reaction of In is taking place in a.047 M perchioric
acid solution with a current denslty greater than 10 mA/cmE,
the In is dissolved in the form of In' [671.

The oxidation-reduction reactions and the electrode absorp-
tion behaviors, as well as electrodeposition reactions of various
metallic ions, have been studied in recent times. In a study of
the electrochemical reaction mechanism of Sn (II) on a gold
electrode in a 4 M hydrochloric acid solutlon, the various
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processes from the easily-achieved adsorption of Sn (II) by the
electrode, its oxidation into Sn (IV) and its reduction to metallic
Sn were examined in detail [68]. The electrochemical behaviors

of Bl have also been studied using a platinum electrode [69] or

a gold electrode [70] in the form of an RRDE. Another detailed
investigation of the adsorption of Pb onto a gold electrode in

a 0.5 M potassium chloride solution was conducted [71], in which
the electrodeposition under potentlal and anodlc stripping was:
studied, among ofher things.

A dissertation by Klss and Farkas entitled "A study of the
dissolution of metals and electrodeposition of metallic ions
using the RRDE"™ has been submitted in a series of nine report
so far [72-78]. The dissertation, together with 1ts related
studies [79-81], attests to the fact that = . application of the
RRDE is being carried out widely in Hungary as well. Kiss et al.
derived theoretical relatlonal equations 1ndependently, and, at
the same time, conducted experiments using the Cu system.

The anodlc behaviors of 1lron, particularly dissolution reac-
tions 1n which Fez+
in the passive state, have been studied on the basis of ring

or Fe3+ dons are formed on the surface of iron

electrode behaviors [82]. The growth of passive-state oxidatlon
film and the dissolution mechanism were examined on the basis of
experimental results. In addition, a study ccncerning the 1n-
homogeneous dissolution of an iron anode during the transition
from the active domain of iron to the passive domaln has been
carried out by Gabrielli et al. [83].

Az far as cadmium is concerned, the electrochemlical oxida-
tion-reduction reaction mechanisms of Cd/CA(OH), electrodes in
concentrated alkall solution was studied by Okinaka [84]. Also, /219
Armstrong et al. [85] investigated, among other things, the
relationship between the formation of oxidaticn film and active

dissolution.
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The dissclution and precipitation reaction mechanisms of zlnc,
the important material in batterles, have been studied in alkali
solutions by Hull et al. [86] and by Yamashita et al. [87]. It
is noted that Yamashita et al. used the procedure submitted by
Bockris et al. [14] for the analysls of the reaction mechanisms.

As far as the dissolution reactlons of binary alloys are
concerned, the dissolution of alloys contalining noble metals
such as an Au-Cu alloy has been studied [88], apart from the
study by Miller et al., mentioned earlier.

3.4. Research on Organic Electrode Reactions

As we stated 1n Seetion 2.4, Bard et al. have submitted
theoretical equations based on the simulation method. Recently,
they published many studies regardilng the applicatlons of these
equations to organic electrode reactlons. When anthracene deriva-
tives are oxidized and reduced 1in nonaqueous sclvents, anion
and catlion radicals are produced, and the collosion of these
radicals 1s sometimes luminescent. Thils phenomenon is called
electrochemical luminescence. Bard et al. produced anion and
cation radicals at the disk electrode and the ring electrode of
an RRDE and observed electrochemical luminescence [89]. They
went further by examining the luminescent mechanism by means of
the simulation method [90], and even obtalned efficiency values
in the cases of 9,10-diphenylanthracene, rubrene and the pyrenes

[91].

RﬁDE's have also beenused in research on the electrohydro-
dimerization (2R + 2e~ + 2H' + RoHs) [92, 93]. In other words,
they studied the reduction reactions of dimethylfumarate, cinnamieacid
nitrile, and fumaronitrile at a platinum electrode in DMF solvent
with TBAI as supporting salt, using an RRDE, as well as cyclic
voltametry and coulombmetry [92]. They submitted the mechanlsm
for the process 1n whieh these compounds become anion radicals
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through single-electron reduction and are then dimerized, and
determined that thelr dimerization rate constants were 110 (di-
methylfumarate), 880 (cinnamic acid nitrile) and 7 x 10° (fluoro-
nitrile) &/mole*sec. In addition, theyexamined the reduction
reaction mechanism of dimethylfumarate in the presence of cinnamic
acid nitrile or acrylonitrile in detail [93].

The quinone Imine hydrolysis rates of 3-methyl-p-aminophenol
in 0.01 M sulfuric acid and p-aminophenol in 0.2 M sulfuric acid
were measured by Adams et al. [94] using a ring-disk electrode
of carbon paste electrodes. The rate constants of 0.58 + 0.03 sec_1
and 0.52 0.006,sec'l were obtained respectively.

The reduction reaction mechanism of nitrobenzene in alkall
solution was studied by means of a gold RRDE [5], and it was found
that phenylhydroxylamine and nitrobenzene anion radicals were
formed as 1ntermediate products of reduction. Fig. 9 shows the
ip-ig relationship 1n NaOH.

Oxidation reactions in non-
aqleblus soivents such as aniline,
. _ G¢-naphthylamine and o-aminocanthra-
- , cene have also beensstudied [95].

i . ' | It was found that, particularly in

g (2A)
-]
b iy
o®
-3
<

. : ' aniline, the oxidation reaction
s progressed via benzidine and

e p-aminophenylamine, which are

0¢ o4 ('] 2 [X.] i

ip (mA) dimerides.

Fig. 9. Ring current as
a function of disk cur-
rent during nitrobenzene
reduction reaction. such as the reductlon reactlon of
i:M5Tag?’1§?.o:0ég6?HZ/ p-nitroaniline [96], the electro-

/sec) lytie oxidation .6f N,N-dimethylani-

line [97], the electrolytic
reductlion reactions of benzophenone and benzaldehyde [98, 997 and

Other studies include subjects

the oxidation reaction of anthracene and 9,10-diphenylanthracene

[100].
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As part of the research
on the physleal proverties of

B K - R TR Mg

, —600

T

liquid crystal substances,
the writers dissolved p-

S0 methoxybenzyllidene-p-n-butyl-~ /220

200 aniline (MBBA), a representative

compound of the nematic liquid

in (sA)

_100k crystals, and benzalaniline,

which comprises 1ts skeletal

-200) structure in nonaqueous solvents,

and conducted various electro-

Ttae chemical measurements of both

S Ereer & ° compounds [101, 102]. Fig. 10
Vo ‘ Eu (Ves. AR y shows the formation of an anion

Fig. 10. Formation of anion radial by the single-electron

radial and protonation by reductionnof benzalaniline in
proton donor in single-elec- 1,

tron reduction of benzalani- DMF, as detected in the form of
line. an increase in the oxidation

1000 rpm, Eg: =-0.20 V
Methyl alcohol concentration:
1. 0.0 M/%; This graph also shows that the
2. 1.0 x 10-2 M/3¢;
3. 1.5 x 10-2 M/%;
Y., 2.0 x 10-2 M/%. nation when a proton donor is
added, so that the radial

detection current shows a decrease at the ring electrode. Fuji-

current at the ring electrode.

anion radical undergoes proto-

naga et al. also trial-produced an RRDE recently and analyzed
the .otldation reaction mechanisms of anthracene derivatives [103].

Johnson et al. [104] studied the products of the electro-
lytic reduction of benzyl in strong alkali sclution using an
amalgam ring-~disk electrode. Cis and trans forms of stilbene-
thiolate were detected as products, and their ketolization rate
constants were determined by the digital simulation method.

22



3.5. Examination of Electric Current Distribution Uniformity on
Disk Electrode

As 1s apparent from the general theory of Yoshlizawa et al.
[1], the electric current distrlibution on the dlsk electrode,
as solved by Levich, 1s uniform. This condition was also a pre-
requisite for the derivatlion of the theoretical equations con-
cerning the ring-disk electrode. However, Newman [105, 106], who
undertook an intensive examinatlon of the current distribution
uniformity on the disk electrode, demonstrated that uniformity
in the radial direction was not valid when taking the effect
of the electric fileld into consideration. The conditlons whilch
are necessary for the uniformity of current distributlon in con-
sidering the effects of the chargé shift resistance and the
polarization of concentratlion have been presented. Filg. 11 shows

these conditions, organized by

Albery et al. into a practical
ﬁ[?ﬁﬂﬂ%@: Eiﬁﬁﬂﬁéb. form for experimental use [5].
C, 1.0M KCI . H, 10m 3! NaOH
D, 0.1M HCIO, J, 10mdM KCI
E. 0.1M NaOH K. lmM KCt
+1 One method for the determina-
og!{ k) K JHG FED C BA tion of whether or not the
1 -6 -5 -4 -3 -2 -1 0L +1 . : .
e T et e A , current distribution is uniform
|~
NMMT?W1 y f 1s the copper plating of the
*zd disk and the measurement of 1ts
-3 thickness [107]. But Albery et
-4 al. used a ring-disk electrode
G i_s and examined the deviation from
iniform current
distribdtion ) the theoretical value of the rate
T?}ﬁ{:u_ of capture [5, 108]. 1In other
VA% 0 |-
e - words, when they experimented with
Fig. 11. Conditions for a thin gap-thin ring electrode,
uniformity of current .
distribution. it was found that the current
A-K: wvalues for repre- density was greater on the cuter
sentative supporting .
electrolytes, in 25°C perimeter of the disk electrode
aqueous solution. than in the center.
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More recently, a study of the current distribution has heen
conducted by Newman et al. [109], using a ring-disk electrode
or a sectioned disk electrode. Among other things, this involved
dividing the research into two parts, namely one with the limlt
current and another with currents below that level. Other in-
tenslve efforts in this area include a study of the potential
distribution by Gabrielll et al. [110], an investigation using
the digital simulation method by Prater et al. [111], and an
argument by Milleriet al. [112], whieh also incorporates other
methods.

Needless to say, experiments with rotating electrodes are
usually conducted for the state of laminar flow. But, if the
flow on the electrode surface changes from laminar to turbulent
flow, there should be a wide deviation of such values as the
rate of capture from the theoretical values. There are also a
few studies which discuss the relationship between the starting
polnt of the turbulent flow and the Reynolds number or Prandtl
number by examining the number of rotations which diminish the
rate of capture for electrodes of varlous sizes [113, 114].

3.6. Study of Photoelectrode Reactions

The writers have been studying the behavlors of semiconduc-
tor electrodes under the irradiation of light, and have adopted
the rotating disk-ring method as one of the means of analyzing
reaction mechanisms. In other words, by constructing an
electrode system consisting of a disk electrode of a single-
crystal semiconductor such as TiO,, Zn0 or CdS and a ring elec-
trode of gold, platinum or amalgam, and by conducting the
measurement in the manner shown In Fig. 12, characteristic reac-
tions which occur on semlconductor electrodes specifiecally under
the irradiation of 1light are being pursued [115-118].
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Johnson et al. [119] /221
adopted the rotating ring-disk
electrode system for the study
of photodissociation reaction
mechanisms. With this system,
the disk electrode section is
replaced with quartz, and light
is irradiated from the interilor
of the cylinder of the rotating

electrode through the quartz

and conditioncof light irra- disk. The system 1s designed
diation: 1. ring-disk
electrode; Pt electrode
palr; 3. to saturated calomel photochemical reactions taking
electrode; 4. rugin capillary;
5. Quartz plate; 6. light

source; 8. quartz lenses; by electrochemical means at the

8. quartz mirror; 9. filters;
10. nitrogen gas. ring disk, and it was applled

to detect the products of

place on.the quartz plate

to the photodissociation reac-

tions of such substances as
benzophenone. The writers also constructed a similar device
recently [120], and are currently engaged in the comparative study
of the photoreduction reaction mechanism and the electrochemical
reduction reaction mechanism of K3Fe(CpOy)3.

3.7. Others

In this general discussion, we did not include a separate
section for experimental devices and so on, but an actual experi-
ment would have to involve a fairly complex procedure, such as
the construction of a ring-disk electrode. Research concerning
experimentation methods, such as construction methods 8f simple
electrodes [121, 122] and various control systems for the number
of rotations [123, 124], ks also belng advanced.
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4, Conclusion

The rotating ring-disk electrode system 1s one of the moét
suitable methods for analyzing the complex electrode reaction
mechanisms whicdh' .take place on solld electrode surfaces, In this
report, the writers have attempted to list as many dissertations
as they could collect, but, as is apparent from the sections
above, the method is stl1ll only used by a limited number of
researchers. This is probably because of the complexity of the
electrode, as well as the cumbersome appearance of the operational
procedure, but it would seem likely that 1ts use will spread
hereafter to such applications as the analyses of organic electrode

reactions.
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